We characterize how size and shape affects the hardness of nanoscale metallic contacts using large-scale molecular dynamics (MD) simulations. High-aspect-ratio contacts continue the experimentally observed trend of hardening with decreasing contact size down to the sub-10-nm regime. However, we find that this effect is shape dependent and the rate of hardening with decreasing contact size diminishes as the aspect ratio of the asperities becomes smaller. Interestingly, low-aspect-ratio asperities that can support simple dislocation glide exhibit softening with decreasing size. A detailed analysis of the MD trajectories reveals the dislocation mechanisms that govern these complex size effects.
I. INTRODUCTION
Plastic deformation of materials with sub-100-nm dimensions remains poorly understood, yet it is critical in a wide range of phenomena. A ubiquitous and technologically important example is the contact between surfaces with nanoscale asperities; this process involves small-scale plasticity in complex geometries and under spatially varying loads. 1 Contacts govern the performance of many advanced nanoand micro-electromechanical systems (MEMS and NEMS), in particular, switches for low-power electronics, 2, 3 high-density memory, 4 and communications 5 that operate by cyclic contact closing and opening. Significant progress has been made towards the understanding of the interaction between rough surfaces in the elastic regime 1, 6 and how atomic-level surface features lead to deviations from the continuum predictions. 7 However, in many applications plastic deformation and hardness are the key design variables; 8 the hardness of nanoscale asperities is not well understood and is the focus of this paper.
When two surfaces are brought into contact a few tall surface asperities early experience large compressive stresses and often exhibit plastic deformation until the effective contact area between the two surfaces is large enough to support the closing force. The surface and subsurface defects generated during this process and the resulting effective contact area govern adhesion and electrical/thermal transport through the contact and consequently play a key role in the performance of N/MEMS switches. Recent experiments and atomistic simulations have shown strengthening with decreasing size during compression of nanoscale asperities 9, 10 and similar size effects have been reported in nanoindentation. 11, 12 Polycrystalline metals also exhibit hardening (and strengthening) with decreasing grain size, but only down to a limit, below which softening is often observed (see, for example, Ref. 13) . Such maximum in strength is associated with a transition from dislocation-mediated plasticity to a regime dominated by grain boundary processes; 14 hardness in nanolaminates shows similar size effects. 15 In this paper we confirm hardening with decreasing size down to the sub-10-nm regime for high-aspect-ratio surface asperities (asperity aspect ratio is defined as that between asperity width, peak-to-peak distance in our case, asperity height) but show that the rate of hardening is shape dependent and decreases with decreasing asperity aspect ratio. A detailed analysis of our large-scale molecular dynamics (MD) simulations provides direct and quantitative information about the mechanisms responsible for the aspectratio-dependent size effects. The transition from hardening to softening is reminiscent of the Hall-Petch maximum in nanocrystalline or nanolaminate materials [13] [14] [15] but is governed by very different mechanisms. The hardness of these nanoscale contacts is between 50% and 70% larger than their corresponding tensile strength, 16, 17 and their size effects exhibit similarities and interesting differences.
II. SIMULATION DETAILS

A. Molecular dynamics and initial structures
All simulations are performed with a simulation package LAMMPS 18 and use a many-body embedded atom method (EAM) potential to define the interaction between platinum (Pt) atoms. 19 This potential was parameterized to reproduce the equilibrium lattice constant, sublimation energy, elastic contacts, and vacancy formation energy of Pt from experimental data and was used to study the strength of contacting bridges between rough surfaces, leading to predictions in good agreement with experiments. 16, 17 Each simulation involves two 20-nm-thick Pt slabs with either a flat surface or a sinusoidal surface given by
where A represents the asperity height and λ is the peak-to-peak distance in the x and y directions. We vary the asperity height, A, from 1 to 5 nm and assign the peak-to-peak distance as half of the simulation cell lengths; this leads to four asperities per simulation cell. The slabs are oriented with the [001] axis normal to the free surfaces and have cross-sections ranging from 15 × 15 to 50 × 50 nm 2 , leading to peak-to-peak distances between asperities from 7.5 to 25 nm. For a given asperity height, the peak-to-peak distance controls the asperity curvature and consequently contact size. We study two configurations: (i) a flat surface interacting with one with the four nanoscale asperities and (ii) the interaction between two surfaces with sinusoidal surface profiles where asperities on either surface are perfectly aligned with each other. 16 After the slabs are prepared they are thermalized with constant-temperature MD simulations (NVT ensemble) for 30 ps; no appreciable evolution in the surface morphology is observed during this thermalization. Snapshots of models representative of the two cases are shown in Fig. 1 and geometrical details of all simulations are provided in Table I .
B. Contact simulations and hardness
Contact simulations are performed via constant-energy MD simulations (NVE ensemble) with increasing external forces applied to both slabs with equal magnitude and opposite direction. This external force (F ext ) is applied to all atoms within a thin slab (4.5 nm thick) at the free surfaces away for the contacting ones. 16, 17 As described in Sec. II C, this closing force increases in a stepwise manner to characterize the elastic loading and plasticity in the contacting regions. In order to obtain the local stress on the contacts we compute the effective (real) contact area (A cont ) from each atomistic structure. A cont is obtained from a grid-based analysis. We project the positions of atoms contained within a thin slab normal to the z direction (of thickness 0.2 nm) centered around thinnest contact region on the x-y plane. We divide the space with a square grid with 0.05 nm spacing and check all grids within a radius of 1.97Å of each atomic center. All empty grid points completely The top panels in Fig. 2 show the temporal evolution of effective contact area and the applied closing stress on the cell (defined as the applied force over the cross-sectional area of the simulation cell) for two configurations. The simulations correspond to peak-to-peak distance of 20 nm and asperity height of 3 nm for asperity/asperity [ Fig Fig. 1 . The ratio between the applied closing force and the effective contact area defines mean contact stress; the bottom panels of Fig. 2 show the contact stress as a function of contact length. The contact stress is not well defined immediately following impact as the effective contact area increases from zero and mechanical waves travel across the slabs; after a short Fig. 1 . The maximum in contact stress indicates the onset of significant plastic deformation and, thus, the hardness of the contacts. The points marked as 3 (fourth-column snapshots in Fig. 1) show the contacts undergoing plastic flow. The dark (blue online) atoms in the snapshots of Fig. 1 denote dislocation activity (as is discussed in detail below) and we see a significant increase between points 2 (corresponding to the maximum contact stress) and 3 (corresponding to plastic flow). We note that at no time during the simulations we experience full contact between the two slabs; the maximum effective contact area explored is 24% of the cross-sectional area of the simulation cells.
C. Effect of loading rate on contact hardness
Before discussing the main results we examine how the compression rate affects the evolution of contact stress and hardness. Figure 3 shows the contact stress as a function of contact length for asperity/asperity contacts at various loading rates. The external closing force is increased stepwise in increments of F ext /A cell = 20 MPa (where A cell is the crosssectional area of the simulation cell) and we vary the time during which each force level is applied from 10 to 100 ps. We find that our results (both elastic and plastic regimes) are not sensitive to compression rate. Thus, we choose a time of 20 ps for each force level as a compromise between computational expense and accuracy. Depending on system size and asperity geometry the maximum cell load varies between 1 and 3 GPa. With 20-MPa increments every 20 ps the overall simulation times vary between 1 and 3 ns.
D. Identification of atoms responsible for plastic deformation
As is commonly done in atomistic simulations of fcc metals, 16, 17 we identify dislocation activity by tracking atoms with hexagonal close packed local environments. Two consecutive planes of hcp atoms form the stacking fault ribbons that separate partial dislocations in fcc metals. The total stacking fault area provides a good quantitative measure of GPa) plasticity both when plasticity is governed by leading partial dislocations, as in many nanoscale specimens, 20 or when it involves both leading and trailing partials. The number of hcp atoms is proportional to the area swept by the leading partials and, as in the Orowan equation, indicate the amount of plastic deformation in the former case. In cases involving both leading and trailing partials, the number of hcp atoms is proportional to the total dislocation line length since the width of the stacking fault ribbon is relatively constant. A single row of hcp atoms indicates a twin boundary but visual inspection of our samples found no evidence of this. Plastic deformation in our simulations is dominated by partial dislocations and, thus, we consider the number of hcp atoms per contact area as a measure of dislocation activity. Even in the case of full dislocations the measure chosen provides useful information since our initial configurations are dislocation-free. We identify hcp atoms in the finite-temperature simulations using the centrosymmetry parameter. 21 We classify atoms as fcc if their centrosymmetry parameter is less than 5, hcp if it is from 5 to 14 and identify surface atoms as those with less than 12 nearest neighbors.
III. SIZE-AND SHAPE-DEPENDENT CONTACT HARDNESS
Figures 4 and 5 show the contact stress as a function of contact length for asperity/asperity and flat/asperity surface contacts for peak-to-peak distances between 7.5 and 25 nm and three different asperity heights. As the closing force is increased, the initial elastic loading of the contacts leads to an increase in the contact stress as a function of contact length (see top panels in Figs. 4 and 5) . When the local stress in the contact reaches the value corresponding to the hardness of the specific asperities, plastic deformation occurs within the contacting region. This leads to a rapid increase in contact area and a consequent decrease in contact stress. The asperity hardness is described by the contact stress-contact length relationship after the first local maximum. 9, 10 Our results predict both increasing and decreasing hardness with decreasing contact length and that the aspect ratio of the asperities controls these size effects. Flat/asperity contacts with A = 1 nm with the highest aspect ratio of all cases studied exhibit the steepest hardening with decreasing contact size. Decreasing the aspect ratio of the contacting regions, either by increasing A or by using the asperity/asperity contacts, leads to weaker hardening and eventually softening with decreasing size. As expected from these trends, the case of flat/asperity interactions with A = 2 nm leads to weak hardening with decreasing size and the corresponding asperity/asperity contact leads to softening; these plots are included in the Supplemental Material. 22 Figure 5 also shows that for all the flat/asperity cases and the high-aspect-ratio asperity/asperity contacts (A = 1 nm) an universal hardness-contact size relationship exists irrespective of the asperity curvature (related to the peak-topeak distance). That is, the contact-stress vs. contact length curves collapse into a single universal relationship after plastic deformation occurs. Interestingly, this is observed not only in high-aspect-ratio cases that exhibit hardening with decreasing size, as reported in Refs. 9 and 10, but also for 064101-3 low-aspect-ratio contacts that exhibit softening with decreasing size. Furthermore, our simulations show that contacts between two low-aspect-ratio asperities do not follow this universal behavior.
In order to compare our results with prior experimental and theoretical work, we describe the universal hardening with decreasing contact size for the A = 1 nm cases with a power law H ∝ L −τ c . As expected from the prior discussion, the exponent depends on the geometry of the contact. We obtain an exponent of τ = 0.1 ± 0.01 for contacts between two asperities and τ = 0.68 ± 0.03 when asperities contact a flat surface denoting stronger size effects (see dashed lines in Fig. 4 and 5 ). These exponents, obtained for contact lengths between 2 and 20 nm, can be compared with values between 0.5 and 0.75 obtained from nanoindentation experiments involving pyramidal tips on a Au surface or Au single-crystal film for larger contacts (100 to 600 nm). 10 Prior MD simulations of Au pyramids indenting a flat surface led to exponent of 0.32. 9 The good agreement between our exponents for sinusoidal asperities contacting a flat surface and experiments represents an important validation of our simulations. We note that we use a power law to describe our data in order to be able to compare with prior work, and it is not our objective to establish whether a power law describes the scaling of contact hardness with size or not.
It is worth noting at this point that softening can be observed in load-controlled simulations (or experiments) of hardness, as opposed to in tensile setups. In our case the simulation is stabilized, even when the contact is softening, due to the increase in effective contact area caused by plastic deformation.
To summarize, our results show both hardening (for high-aspect ratio cases) and softening (for thin and tall asperities) with decreasing contact size. Both asperity/asperity and flat/asperity contacts exhibit the same trend and the main differences between the two cases can be explained in terms of the difference in aspect ratio of the contacting bridge in both cases.
IV. ATOMIC MECHANISMS OF SIZE EFFECTS IN CONTACT HARDNESS
Our simulations show that contact hardness exhibits complex size effects with hardening with decreasing size for high-aspect-ratio asperities transforming into softening for taller asperities with lower aspect ratios. We now turn our attention to the atomic origin of such interesting size effects. As discussed in Sec. II D we analyze plastic activity in terms of hcp atoms that constitute the stacking faults between partial dislocations.
The bottom graphs of Figs. 4 and 5 show the number of hcp atoms per unit contact area (γ hcp ) as a function of contact length for the various cases studied. We note that hcp atoms and some dislocations are observed even during the initial loading regime and before the maximum in local contact stress is achieved due to the geometry of the contacting surfaces. Significant plastic relaxation occurs when the contact hardness is achieved and, in all but the smallest contacts, the maximum in contact stress is marked by significant dislocation activity. Dislocations are the carriers of plastic deformation in the nanoscale contacts and we observe a direct correlation between dislocation activity and size-dependent mechanical response. Cases that exhibit hardening with decreasing size also exhibit a decrease in γ hcp , indicating that dislocation glide becomes more difficult with decreasing size. On the other hand, cases that soften with decreasing size show increasing hcp-atom densities with decreasing size. The remaining challenge is to understand why under some circumstances reducing contact length hinders dislocation activity while in others it facilitates it.
To address this question, Figs. 6 and 7 show atomistic snapshots corresponding to the compression of asperity/asperity and flat/asperity surface contacts, respectively. For each contact type we show two asperity heights and two peak-to-peak distances (λ); the small-height cases illustrate conditions where hardening with decreasing contact size is observed (left panels) and taller asperities cases that exhibit weakening with decreasing size. fcc atoms are not shown in these snapshots to facilitate the identification of dislocations (hcp atoms are shown as blue spheres) and free surfaces (small yellow spheres). The snapshots illustrate the compression of each asperity via three configurations: the top panels show the contacts before their hardness is achieved, the middle ones correspond to the maximum in the contact stress-contact length curves, and the bottom ones show snapshots after plastic deformation has lowered the contact stress. In the case of high-aspect-ratio asperities (A = 1 nm), Figs. 6(a) and 6(b) and 7(a) and 7(b) show that dislocations nucleated at the contacts glide into the bulk of the slabs during plastic deformation; both full dislocations consisting of leading and trailing partials (seen as a ribbon of staking fault atoms) and partial dislocations with only leading partials can be seen. Once in the slab these dislocations experience a lower stress than in the contact and an increase in loading force is needed to continue gliding. These dislocations also repel additional ones emerging from the contact. Under these circumstances, reducing contact size leads to an increase in the contact stress required for dislocations to glide into the bulk; this can be confirmed from the MD snapshots in Figs. 6(a) and 6(b) and 7(a) and 7(b) and from the reduced hcp-atom densities in Figs. 4 and 5. These effects lead to hardening with decreasing contact size. 23 However, asperities with lower aspect ratios (thin and tall asperities) exhibit very different dislocationbased deformation processes. Such geometries can support significantly dislocation activity within the asperity itself, including single glide events where a dislocation that nucleates on the surface of the asperity glides through the contacting bridge and emerges on the opposite surface without the need to move into the bulk of the slabs [see Figs. 6(c) and 7(c)]. Such single plane glide processes provide no hardening mechanism due to the small size of the contacts. This leads to a decrease in hardness with decreasing contact length since dislocations are localized within the high-stress, thin contact regions. 16, 17 The atomic mechanisms that govern size effects in asperity/asperity and flat/asperity are similar. However, the dislocation structures generated show some differences. Perhaps not surprisingly, we observe a higher dislocation density on the asperity side of a flat/asperity contact although the flat regions do not remain dislocation free. The overall density of defects per contact area is approximately twice in asperity/asperity cases as compared to that in flat/asperity.
V. DISCUSSION AND CONCLUSIONS
In summary, we use large-scale MD simulations to characterize size effects in the hardness of contacting asperities when two surfaces are brought together. The properties of these asperities and the generation of defects are of general relevance in the area of tribology and a fundamental understanding can benefit several applications including nanoand microscale switches. We find that the general trend of smaller is stronger, observed experimentally, extends to the 10-nm regime but only for high-aspect-ratio asperities. Our simulations reveal that the rate of hardening with decreasing size becomes less pronounced with decreasing aspect ratio of the asperities. Interestingly, as the asperity aspect ratio is reduced enough to support simple dislocation glide entirely within the contacting asperity, softening is observed with decreasing contact size. We note that the initial structures in our simulations are defect-free other than the presence of the free surfaces; the presence of dislocations or dislocation nucleation sources near asperities could influence the hardness values. We expect the size effects reported here to remain valid.
Due to the surface geometry studied here we expect little interaction between nearby asperities even after they deform plastically. This can be confirmed by the extent of the plastic zone around each contact. In more complex geometries the interaction between plastically deforming asperities could be important and future work on this topic could provide additional information regarding plastic deformation during the contact between rough surfaces.
Finally, our results shed light into the mechanical behavior of metallic specimens with characteristic sizes in the sub-100-nm regime, which remains poorly understood. We believe contact studies with nanoscale probes, both experimental and theoretical, represent a promising avenue to investigate plastic deformation at extremely small scales where other methods become impractical.
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